In this article, we study the ground states and the first radial excited states of the Zc tetraquark states with J P C = 1 +− via the QCD sum rules systematically, and observe that there are one axialvector tetraquark candidate for the Zc(3900) and Zc (4430), two axialvector tetraquark candidates for the Zc(4020), three axialvector tetraquark candidates for the Zc(4600).
Introduction
Recently, the LHCb collaboration performed an angular analysis of the B 0 → J/ψK + π − decays using proton-proton collision data, studied the m(J/ψπ − ) versus m(K + π − ) plane, and observed two possible structures near m(J/ψπ − ) = 4200 MeV and 4600 MeV, respectively [1] . There have been two tentative assignments of the structure Z c (4600) near m(J/ψπ − ) = 4600 MeV, the [ [3] . In this article, we use the subscripts S, P , V , A and T to denote the scalar, pseudoscalar, vector, axialvector and tensor diquark states, respectively.
In 2013, the BESIII collaboration observed a structure Z c (3900) in the π ± J/ψ mass spectrum with a mass of (3899.0 ± 3.6 ± 4.9) MeV and a width of (46 ± 10 ± 20) MeV, respectively [4] . Also in 2013, the BESIII collaboration observed the Z ± c (4025) near the (D * D * ) ± threshold in the process e + e − → (D * D * ) ± π ∓ [5] . Furthermore, the BESIII collaboration observed the Z ± c (4020) in the π ± h c mass spectrum in the process e + e − → π + π − h c [6] . The Z c (4020) and Z c (4025) are taken as the same particle in The Review of Particle Physics [7] . In 2014, the LHCb collaboration studied the B 0 → ψ ′ π − K + decays by performing a four-dimensional fit of the decay amplitude, and provided the first independent confirmation of the existence of the Z c (4430) − state and established its spin-parity to be 1 + [8] . In 2017, the BESIII collaboration determined the spin and parity of the Z c (3900) state to be J P = 1 + with a statistical significance larger than 7σ over other quantum numbers [9] .
The Z c (3900) and Z c (4430) can be assigned to the ground state and the first radial excited state respectively according to the analogous decays, Z c (3900 [10, 11] . In Ref. [12] , we apply the approach suggested in Ref. [13] for the quarkonium to study the Z c (3900) and Z c (4430) as the ground state and the first radial excited state of the axialvector hidden-charm tetraquark states, respectively, and use the energy scale formula µ = M 2 X/Y /Z − (2M c ) 2 with the effective c-quark mass M c to determine the ideal energy scales of the QCD spectral densities [14] . In Ref. [15] , this subject is studied in another QCD sum rules approach. In Refs. [16, 17] , we observe that the Z c (4020/4025) can be assigned to the ground state [uc] A [dc] A with J P C = 1 +− based on the QCD sum rules. If the Z c (4600) is the first radial excited state of the Z c (4020/4025), its preferred decay mode is Z c (4600) → ψ ′ π rather than Z c (4600) → J/ψπ. In this article, we intend to perform a detailed and updated analysis of the ground states and the first radial excited states of the Z c states with the QCD sum rules, and explore the the i, j, k, m, n are color indexes, the C is the charge conjugation matrix. Under charge conjugation (parity) transform C ( P ), the currents J µ (x) and J µν (x) have the properties,
the four vectors
T type axialvector tetraquark states with J P C = 1 +− , respectively. While the current J µν (x) couples potentially to both the [uc] A [dc] A type axialvector tetraquark state with J P C = 1 +− and vector tetraquark state with J P C = 1 −− . The tensor diquark operators also play an important role in constructing the tetraquark current operators [18] . Thereafter, we will not distinguish the positive and negative electric charge of the Z c states, as they have degenerate masses.
At the hadronic side, we can insert a complete set of intermediate hadronic states with the same quantum numbers as the current operators J µ (x) and J µν (x) into the correlation functions Π µν (p) and Π µναβ (p) to obtain the hadronic representation [19, 20] . After isolating the ground state contributions of the axialvector and vector tetraquark states, we obtain the results,
where the Z denotes the axialvector tetraquark states, the Y denotes the vector tetraquark states, the pole residues λ Z , λ Z and λ Y are defined by
ε 0123 = −1, the ε µ are the polarization vectors of the vector and axialvector tetraquark states with the property,
We carry out the operator product expansion up to the vacuum condensates of dimension 10 in a consistent way, and take into account the vacuum condensates which are the vacuum expectations of the operators of the orders O(α k s ) with k ≤ 1, then obtain the QCD spectral densities through dispersion relation. Now we take the quark-hadron duality below the continuum thresholds s 0 and perform Borel transform with respect to the variable P 2 = −p 2 to obtain the QCD sum rules:
is the Borel parameter, the subscripts i in the QCD spectral densities ρ i (s) denote the dimensions of the vacuum condensates,
the lengthy expressions of the QCD spectral densities are neglected for simplicity. For the technical details, one can consult Ref. [21] . For the currents J 1 µ (x) and J µν (x), one can consult Refs. [17, 21] for the explicit expressions of the QCD spectral densities. In this work, we recalculate those QCD spectral densities, and use the formula t a ij t
to deal with the high dimensional vacuum condensates, where the λ a is the Gell-Mann matrix. This routine leads to slight but neglectful differences compared to the old calculations. For the currents J 2 µ (x) and J 3 µ (x), we neglect the tiny contributions of the 4πα s2 , which originate from the terms like
We derive Eq. (8) with respect to τ = 1 T 2 , then eliminate the pole residues λ Z to obtain the QCD sum rules for the masses,
Thereafter, we will refer the QCD sum rules in Eq. (8) and Eq. (11) as QCDSR I. If we take into account the contributions of the first radial excited states Z ′ c at the hadronic side, we can obtain the QCD sum rules,
where the s ′ 0 is continuum threshold parameter, then we introduce the notations τ =
n , and use the subscripts 1 and 2 to denote the ground state Z c and the first radial excited state Z ′ c respectively for simplicity. We rewrite the QCD sum rules as λ
here we add the subscript QCD to denote the QCD side. We derive the QCD sum rules in Eq.(13) with respect to τ to obtain
From Eqs. (13) (14) , we obtain the QCD sum rules,
where i = j. Now we derive the QCD sum rules in Eq.(15) with respect to τ to obtain
The squared masses M 2 i satisfy the equation,
where
i = 1, 2, j, k = 0, 1, 2, 3. We solve the equation to obtain two solutions [13] ,
Thereafter, we will refer the QCD sum rules in Eq. (12) and Eqs. (19) (20) as QCDSR II.
Numerical results and discussions
We take the vacuum condensates to be the standard values= −(0. 19, 20, 22] , and take the M S mass m c (m c ) = (1.275 ± 0.025) GeV from the Particle Data Group [7] . Moreover, we take into account the energy-scale dependence of the quark condensate, mixed quark condensate and M S mass,
where t = log , Λ = 210 MeV, 292 MeV and 332 MeV for the flavors n f = 5, 4 and 3, respectively [7, 23] , and evolve all the input parameters to the optimal energy scales µ with n f = 4 to extract the tetraquark masses.
The Okubo-Zweig-Iizuka supper-allowed decays
are expected to take place easily. The energy gaps maybe have the relations
The charmonium masses are m J/ψ = 3.0969 GeV, m ψ ′ = 3.686097 GeV and m ψ ′′ = 4.039 GeV from the Particle Data Group [7] , m ψ ′ − m J/ψ = 0.59 GeV, m ψ ′′ − m J/ψ = 0.94 GeV, we can tentatively choose the continuum threshold parameters as √ s 0 = M Z + 0.59 GeV and s ′ 0 = M Z + 0.95 GeV and vary the continuum threshold parameters and Borel parameters to satisfy the following four criteria: 1. Pole dominance at the phenomenological side; 2. Convergence of the operator product expansion; 3. Appearance of the Borel platforms; 4. Satisfying the energy scale formula, via try and error, and obtain the Borel windows, continuum threshold parameters, ideal energy scales of the QCD spectral densities, and pole contributions of the ground states for the QCDSR I, see Table 1 . The corresponding parameters for the QCDSR II are shown in Table 2 . In this article, we take the energy scale formula µ = M 2 X/Y /Z − (2M c ) 2 with the effective c-quark mass M c as a constraint [14] . The energy scale formula can enhance the pole contributions remarkably and improve the convergent behaviors of the operator product expansion, and works well for both the tetraquark states and pentaquark states [24] . From Table 1 and Table 2 , we can see that the contributions of the ground states are about (40 − 60)% for the QCDSR I, the contributions of the ground states plus the first radial excited states are about (70 − 80)% for the QCDSR II, the pole dominance criterion is well satisfied. In the QCDSR II, the contributions of the ground states are about (30 − 45)%, which are much less than the corresponding ground state contributions in the QCDSR I, for the ground state masses and pole residues, we prefer the predictions from the QCDSR I. In calculations, we observe that the contributions of the vacuum condensates of dimension 10 are of percent level at the Borel widows for both the QCDSR I and QCDSR II, the operator product expansion is well convergent. Now we take into account the uncertainties of the input parameters, and obtain the masses and pole residues of the ground states Z c and the first radial excited states Z ′ c , which are shown in Table 3 and Table 4 . From the Tables, we can see that the ground state masses from the QCDSR I and the radial excited state masses from the QCDSR II satisfy the energy scale formula
, where the updated effective c-quark mass M c = 1.82 GeV is taken [17] . In Table 4 , we also present the central values of the ground state masses and pole residues extracted from the QCDSR II at the ideal energy scales shown in Table 1 . From Table 4 , we can see that the ground state masses cannot satisfy the energy scale formula, so we will discard those values. This is the shortcoming of the QCDSR II.
In Fig.1 , we plot the ground state masses from the QCDSR I and the first radial excited state masses from the QCDSR II with variations of the Borel parameters at much larger ranges than the Borel windows shown in Table 1 and Table 2 . From the figure, we can see that there appear very flat platforms in the Borel windows for the [ figure, we can see that the platform in the Borel window is not flat enough, at the region T 2 < 3.6 GeV 2 , the mass increases monotonously and quickly with increase of the Borel parameter, the platform appears approximately only at the region T 2 > 3.6 GeV 2 . The predicted mass M Z = 3.90±0.08 GeV for the ground state [uc 
state is in excellent agreement with the experimental data M Z(3900) = (3899.0 ± 3.6 ± 4.9) MeV from the BESIII collaboration [4] , which supports assigning the Z c (3900) to be the ground state
. In Ref. [25] , we study the two-body strong decays Z + c (3900) → J/ψπ + , η c ρ + , D +D * 0 ,D 0 D * + with the QCD sum rules based on solid quark-hadron duality by taking into account both the connected and disconnected Feynman diagrams, and obtain the total width Γ Zc = 54.2±29.8 MeV, which is consistent with the experimental data (46 ± 10 ± 20) MeV considering the uncertainties [4] .
The predicted mass M Z = 4.47 ± 0.09 GeV for the first radial excited [5] and (4022.9 ± 0.8 ± 2.7) MeV [6] from the BESIII collaboration. There are two axialvector tetraquark state candidates with J P C = 1 +− for the Z c (4020). Again the two-body strong decays should be studied to make the assignment more reasonably.
The predicted mass M Z = 4.60 ± 0. LHCb collaboration [1] . On the other hand, the predicted mass M Z = 4.66 ± 0.10 GeV for the
T tetraquark state is also compatible with the experimental data M Z(4600) = 4600 MeV from the LHCb collaboration [1] . Furthermore, the decay Z c (4600) → J/ψπ can take place more easily for the ground state tetraquark state, which is consistent with the observation of the Z c (4600) in the J/ψπ mass spectrum [1] . In summary, there are three axialvector tetraquark state candidates with J P C = 1 +− for the Z c (4600), more experimental and theoretical works are still needed to identify the Z c (4600) unambiguously.
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